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1. ~troductio~ 
Electron paramagnetic resonance (EPR) spec- 
troscopy has been developed to measure internal 
viscosity, volume and pH in membrane-surrounded 
aqueous regions of cells and organelles [l-9]. In the 
viscosity studies, the motion of a spin label located 
in a membrane bound aqueous space is hindered 
relative to the motion of the spin label in bulk water. 
Thus, the rotational motion of 2,2,6,6-tetramethyl- 
piperidine-N-oxyl4-amine (Tempamine) has been 
shown restricted by a factor of -7 when residing in 
the lumen of thyfakoids in the dark ]7,8]. However, 
experiments requiring light intensities which can- 
support photophosphorylation are problematic since 
the thylakoids rapidly photoreduce nitroxyl radicals 
[7,8 ,l O-1 31 to the corresponding diamagnetic 
hydroxylamines 2131. Thus there are no reports of the 
motion of spin labels residing in the lumen of light- 
activated thylakoids available to date. 
Here we report a light-induced change in the rota- 
tional motion of Tempamine located in the lumen of 
spinach thylakoids, and we discuss how this change 
may be related to light-induced merTlbrane conforma- 
tional changes [14-215. 
2. Materials and methods 
Tempamine was purchased from Aldrich (Mil- 
waukee, WI) and used without further purification. 
Tris(oxalato)chromate (III), (chromium oxalate) 
was synthesized by the methods in [22] and charac- 
terized by its visible spectrum 1231 and EPR g-value 
[24-261. 
EPR spectra were recorded on a Varian E-9 spec- 
ElsevierlNorth-Holland Biomedical Press 
trometer using an E-231 cavity with the irradiation 
grid plate removed to allow actinic illumination. White 
light from a 500 W projector was heat-filtered and 
focused through a 16 liter Florence flask conta~ing 
5 mM CuSO+ The light intensity applied to the cavity 
was -400 kergs . s-l . cmT2, 50% of which is trans- 
mitted through the grid. Rotational correlation times 
(rJ were calculated from the equation 127-291: 
where k is a constant which depends on the principal 
values ofg and the hyperfine tensors for the spin label 
and on the microwave frequency. We use the empiri- 
cally determined value k = 6.5 X lo-‘e since the 
appropriate crystal parameters for Tempamine are 
not known. The apparent peak-to-peak midfield line 
width, midfield line height and highfield line height 
are B’t,, he, and h _r , respectively, and are measured 
from the first derivative spectra. EPR signals arising 
from Tempamine located only in the aqueous lumen 
of the thylakoid were observed with the techniques 
detailed in [7], but using chromium oxalate, a more 
effective broadening agent [8 1. 
Thylakoids were isolated from fresh market 
Spinacea oleracea .as in [7]. Chlorophyll concentra- 
tions were determined as in [30]. All isolation proce- 
dures were at <4OC. 
3. Results 
Fig.1 A shows the EPR tracing obtained at a con- 
stant magnetic field which monitors the positive peak 
of the midfield absorption in the first derivative spec- 
trum. When the sample is ~llu~nated there is a rapid 
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Fig.1. Light-induced changes in signal height with time. (A) 
EPR tracing of a sample containing 3 mM Tempamine (pH 
7.5), 40 m_M chromium oxaiate (pH 7.5), 5 mM sodium phos- 
phate (pH 7.5), 1 mM ADP, 0.25 mM methyl viologen, and 
chloroplasts at 5 mg chl/ml. The magnetic field is constant 
at 3242.2 G, which corresponds to the midfield fine (h,). 
EPR instrument settings: gain, 6.3 X 103; modulation, 
0.50 G; time constant, 0.128 s. The onset of illumination is 
indicated by the arrow. (B) Same as in (A) except the mag- 
netic field is constant at 3259.2 G, which corresponds to the 
highfield line (h _1 ). (C) Same as in (A) with the addition of 
100 WM DCMU to the sample. 
increase in signal amplitude followed by a slower 
decrease for -5 min. This same effect is seen in fig.1 B 
when the magnetic field is adjusted to monitor the 
highfield peak. When no Tempamine is added to an 
otherwise complete reaction mixture, no signal of any 
kind is observed. The addition 3-(3,4-dichlorophenyl)- 
1 ,l -dimethylurea (DCMU) prevents the light-induced 
signal increase as shown in fig.lC but it does not affect 
the magnitude of the signal in the dark prior to illu- 
mination. 
The tracings in fig.1 A,B also show that the decrease 
in signal amplitude is linear between -20 s and 4.5 min 
illumination. When the midfield line width is plotted 
against time as in fig.2, a light-induced increase is 
followed by a slower decrease in W,,. The decrease is 
linear after -30 s illumination. Since the total time 
required for a forward/reverse scan of a sample is 
4 min, it is possible to average the values obtained for 
IV,, ho? and h _, and to calculate r,, as long as the 
scans of the mid- and highfield lines are recorded over 
the period of linear change. 
Fig.3 (top) shows typical forward~reverse spectra 
3r ..;---:-*-•_. ,_. -. *. ,- -.___* --%-a-.,-.-, 
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Fig.2. Light-induced changes in midfield line width with time. 
Samples are as in fig.lA. Scan rate was 20 G/min. The arrow 
indicates the line width from a sample maintained in the dark. 
obtained from thylakoids ~laintained in the dark. T!le 
small decrease in signal amplitude with time does not 
appreciably affect the calculation of 7c as seen in 
table 1. The bottom spectra in fig.3 shows that upon 
iliumination, the signal rapidly decreases. Since a scan 
takes 2 min, the midfield line is scanned after -1 min 
illumination and it is rescanned (in reverse) after -3 
min illumination. The highfield line is also scanned 
twice during 1 and 3 min. Thus, both the mid- and 
high~eId lines are scanned during the period of linear 
reduction and the averaging technique may be applied. 
The average values for WO, ho, and /z_~ are given in 
table 1 and are used to calculate T,. These values give 
a close approximation of the actual 7c of Tempamine 
in the illuminated thylakoid. Table 1 shows that the 
rotational motion of Tempamine is restricted by a 
factor of -7.4 in the dark thylakoid lumen when com- 
pared with the motion of Tempamine in bulk water. 
However, Tempamine motion is restricted by a factor 
of -11.6 in the illuminated thylakoid lumen. Thus, 
illumination imposes an additional 57% hindrance on 
the rotation of Tempamine in the lumen. 
4. Discussion 
The light-induced increase in signal amplitude 
observed in fig.lA,B is most likely due to the rapid 
uptake of the amine spin label from the exterior of 
the thylakoids in response to the light-driven internal 
acidification of the lumen [3 1,321. Since the lumen 
contains no broadening agent [7,8] the observed sig- 
nal increases as the Tempamine in the lumen is joined 
102 
Volume 112, number 1 FEBS LETTERS March 1980 
Fig.3. Forward and reverse EPR spectra of thylakoids in the dark (top) and during illumination (bottom). Sample and EPR settings 
are as in fig.lA, except the scan rate is 100 Gfmin. 
by additionai influxing Tempamine. The slow decay 
in signal a~l~~itud~ is the pilotoreduction of the 
Tempamine nitroxyl to the corresponding hydroxyl- 
amine [13], also observed in [lo-121. Fig.lC shows 
that the light-induced changes are dependent on elec- 
tron transport, since DCMU is a potent inhibitor of 
electron transport. 
The motion of Tempamine in the illuminated thy- 
lakoid lumen is restricted relative to the motion of 
Tempamine in the lumen of dark thylakoids as shown 
in table 1. The hyperfine coupling constant indicates 
that the Tempamine remains in a highly polar environ- 
ment even after illumination. The relationship between 
our results and the light-induced conformational 
changes reported by others is not altogether clear. The 
light-induced changes in absorbance and Iight scat- 
tering in [ 14-171 are probably manifestations of 
thylakoid swelling and shrinkage. The phenomenon 
of shrinkage is most clearly visualized in [ 18,19] 
where, in response to light, the distance between the 
thylakoid membranes is shown reduced and the mem- 
branes themselves become thinner. if this is occurring 
in our illuminated thylakoids, then all the water in 
the lumen is closer to the membrane. Membranes may 
play an important role in ordering water within cells 
[I ,2,9]. Thus, reducing the space between the thyla- 
Table 1 
Summary of parameters measured and calculated from EPR spectra 
-- ~- -- -I ~ 
Conditions hi, h-1 ha/h-, A TC 7) 
(Cm) (cm) 21 (G; (9 
Water - 11.6 10.8 1.07 1.7 16.9 0.40 x 10-‘O 1.0 
Thylakoids Dark, forward 4.14 2.80 1.47 2.1 16.7 2.90 x lo-“’ 7.25 
Dark, reverse 3.96 2.66 1.49 2.1 16.7 3.01 x lo-‘O 7.53 
Dark, average 4.05 2.73 1.48 2.1 16.7 2.96 x lo-” 7.40 
Thylakoids tight, forward 4.94 2.92 1.69 2.6 16.5 5.07 x 10-‘O 12.7 
Light, reverse 3.84 2.40 1.60 2.4 16.5 4.13 x lo-r0 10.3 
Light, average 4.39 2.66 1.65 2.5 16.5 4.62 x lo-” 11.6 
__~~_____ 
The water sample contained only Tempamine (pH 7.5) at 3 mM. The thylakoid samples are as described 
in fig.lA, as are the EPR settings. Scan rate was 20 G/min 
17 = rc (sample)/rc (water) 
103 
Volume 112, number 1 FEBSLETTERS March 1980 
koid membranes may increase the total internal water 
order and consequently increase the measurement of 
7c in the lumen. Since protons are also known to 
increase water order 1331, the acidification of the 
lumen [6] may place additional hindrance on the rota- 
tional freedom of Tempamine. On the contrary, 
Tempamine, being an amine, may tend to reduce 
water order [34]. However, the net effect of all of 
these contributions as shown by this study is increased 
hindrance of Tempamine motion in the thylakoid 
lumen. 
Other studies of light-induced conformations 
changes demonstrate an increase in diazolliumbenzene 
sulfonate labeling of thylakoid membranes [20,21] 
and a decrease in the ability of a water-soluble carbo- 
diimide to inhibit calcium binding of thylakoids [35]. 
Since diazoniumbenzene sulfonate is membrane 
impermeable and since calcium binding occurs on the 
stroma side of the thylakoid, both of these techniques 
measure events at the external surface of the thylakoid 
and do not necessarily report changes at the lumen 
side of the thylakoid. Thus our findings do not seem 
to be directly related to these studies. 
Acknowledgements 
This research was supported by the Science and 
Education Administration of the US Department of 
Agriculture under grant no. 5901~410-8-0118-0 from 
the Competitive Research Grants Office. We thank 
Dr Gareth Eaton, Department of Chemistry, Univer- 
sity of Denver, for many helpful discussions and the 
use of his EPR facility. 
References 
[l] Keith, A. D. and Snipes, W., (1974) Science 183, 
666-668. 
[Z] Morse, P. D. ii, Ruhlig, M., Snipes, W. and Keith, A. D. 
(1975) Arch. Biochem. Biophys. 168,40-56. 
f3] Henry, S., Keith, A. D. and Snipes, W. (1975) Biophys. 
J. 16,641-654. 
[4] Hammerstedt, R. H., Amann, R. P., Rucinsky, T., 
Morse, P. D. ii, Lepock, J. S., Snipes, W. and Keith, 
A. D. (1976) Biol. Reprod. 14,381-397. 
[S] Morse, P. D. ii (1977) Biochem. Biophys. Res. Commun. 
77, L486--1491. 
[6] Quintanilha, A. T. and Mehlhorn, R. J. (1978) FEBS 
Lett. 91,104-108. 
[7] Berg, S. P., Lusczakoski, D. M. and Morse, P. D. ii 
(1979) Arch. Biochem. Biophys. 294,138-148. 
[8] Berg, S. P. and Nesbitt, D. M. (1980) Biochim. Biophys. 
Acta in press. 
[9] Morse, P. D. II, Lusczakoski, D. M. and Simpson, D. A. 
(1979) Biochemistry 28,5021-5029. 
[ 101 IIamilton, C. L. and McConnell, H. M. (1968) Structural 
[Ill 
[I21 
f131 
[I41 
[ISI 
[361 
[17] 
[I81 
[I91 
(201 
VII 
WI 
~231 
t241 
l25l 
1261 
1271 
[281 
[291 
1301 
[311 
1321 
[331 
[341 
1351 
Chemistry and Molecular Biology (Rich, A. and 
Davidson, N. eds) W. H. Freeman, San Francisco. 
Sun, A. S., and Calvin, M., (1975) Proc. Nati. Acad. Sci. 
USA 72,3107-3110. 
Torres-Pereira, J., Mehlhorn, R., Keith, A. D. and 
Packer, L. (1974) Arch. Biochem. Biophys. 160, 
90-99. 
Weaver, E. C. and Chom, H. P. (1966) Science 153, 
301-303. 
Packer, L. (1963) Biochim. Biophys. Acta 75, 12-22. 
Packer, L., Marchant, R. H. and Mukohata, Y. (1963) 
Biochim. Biophys. Acta 75, 23-30. 
Dilley, R. A. and Vernon, L. P. (1964) Biochemistry 3, 
817-824. 
Dilley, R. A. and Vernon, L. P. (2965) Arch. Biochem. 
Biophys. 3,365-375. 
Murakami, S. and Packer, L. (1970) J. Cell. Biol. 47, 
332-351. 
Murakami. S. and Packer, L. (1970) Plant Physiol. 45, 
289-299. 
Giaquinta, R. T., Dilley, R. A., Selman, B. R. and 
Anderson, B. J. (1974) Arch. Biochem. Biophys. 162, 
200-209. 
Giaquinta, R. T., Ort, D. R. and Dilley, R. A. (1975) 
Biochemistry 14,4392-4396. 
Bailar, J. C. jr and Young, E. M. (1939) Inorg. Sny. 1, 
35. 
Malati, M. A. and Abdul Azim, A. A. (1959) Egypt. J. 
Chem. 2: 47;Chem. abstr. 54 (1960) 2085F. 
Yager, T. D., Eaton, G. R. and Eaton, S. S. (1978) 
J. Chem. Sot. Chem. Commun. 144-945. 
Yager, T. D., Eaton, G. R. and Eaton, S. S. (1979) 
Inorg. Chem. 18,725-727. 
Singer, L. S. (1955) J. Chem. Phys. 23,379. 
Kivelson, D. (1960) J. Chem. Phys. 33,1094--1106. 
Stone, T. J., Buckmann, T., Nordio, P. L. and 
McConnell, H. M. (1965) Proc. Natl. Acad. Sci. USA 54: 
1010-1017. 
Keith, A. D., Bulfield, G. and Snipes, W. (1970) Bio- 
pbys. .I. 10,618.-629. 
Amon, D. T. (1949) Plant Physiol. 24, I-15. 
Jagendorf, A. T., (1977) in: Photosynthesis I (Trebst, A. 
and Avron, M. eds) pp. 307-331, Springer, New York. 
Good, N. E. (1977) in: Photosynthesis I (Trebst, A. and 
Avron, M. eds) pp. 429--436, Springer, New York. 
Friedman, H. L., and Krishnan, C. V., (1973) Water: A 
Comprehensive Treatise, vol. 3. pp. I-118, (Franks, F. 
ed) Plenum, New York. 
House, C. R., (1974) Water Transport in Cells and 
Tissues, pp. l-35. Edward Arnold, London. 
Prochaska, L. J. and Gross, E. L. (1975) Biochim. Bio- 
phys. Acta 376, 126-135. 
104 
